Molecular hydrogen and its isotopic and ionic species are benchmark systems for testing quantum chemical theory. Advances in molecular energy structure calculations enable the experimental verification of quantum electrodynamics and potentially a determination of the proton charge radius from H 2 spectroscopy. We measure the ground state energy in ortho-H 2 relative to the first electronically excited state by Ramsey-comb laser spectroscopy on the
Molecular hydrogen and its isotopic and ionic species are benchmark systems for testing quantum chemical theory. Advances in molecular energy structure calculations enable the experimental verification of quantum electrodynamics and potentially a determination of the proton charge radius from H 2 spectroscopy. We measure the ground state energy in ortho-H 2 relative to the first electronically excited state by Ramsey-comb The fully quantized version of electrodynamics (QED) constitutes an important part of the standard model and is arguably the best tested theory in physics, based (among other experiments) on spectroscopic measurements of atomic hydrogen [1] [2] [3] . The molecular counterpart, H 2 , has served as the model system for molecular quantum theory dating back to 1927, when Heitler and London first explained the existence of a bound state between two hydrogen atoms [4] . Although the increased complexity of the electronic structure and the additional vibrational and rotational degrees of freedom impose serious theoretical and experimental challenges, it also provides additional opportunities to explore new physics. Measurements of various level energies [5] [6] [7] [8] [9] [10] are in excellent agreement with the most recent theoretical predictions [11] [12] [13] . Comparisons between the experimental results and theory provide constraints on possible physics beyond the standard model, such as hypothetical fifth forces and extra dimensions [14] [15] [16] [17] . In particular, the dissociation energy of molecular hydrogen D 0 ðH 2 Þ serves as an important benchmark number for molecular quantum physics, and it has stimulated improvements by 7 orders of magnitude in its experimental and theoretical determinations over nearly a century [18] .
On the theoretical side, a number of refined calculations have been performed to verify and improve the initial results [19] . The Born-Oppenheimer potential of H 2 was calculated to 10 −15 precision [20] , the adiabatic correction was improved by 3 orders of magnitude to 3 × 10 −7 cm −1 [12] , nonadiabatic corrections of rovibrational levels were calculated to 10 −7 cm −1 precision [13] , the mα 6 QED corrections were explicitly calculated [21] , and methods to solve the Schrödinger equation were improved [22] . This heroic program led to a value of D 0 ðH 2 Þ ¼ 36 118.0691 ð6Þ cm −1 , which is more accurate but consistent with the initial value [19] . Moreover, recent breakthroughs in calculating the molecular structure and QED now indicate that it will become feasible to determine the proton-charge radius from a sufficiently accurate determination of D 0 ðH 2 Þ [21, 22] . This is particularly interesting in view of the proton-charge radius puzzle [23] [24] [25] [26] [27] .
To obtain an experimental value of D 0 , it can be related to the ionization energy E I ðH 2 Þ via a thermodynamic cycle involving the well-known atomic ionization energy E I ðHÞ and dissociation energy of the ion
The value E I ðH 2 Þ can in turn be determined experimentally by measuring two frequency intervals (EF − X and 54p1 1 − EF) by laser spectroscopy and, as a third step, the extrapolation of the np-Rydberg series measured with millimeter wave excitation [28] . In Fig. 1 , the energy intervals and their relations are shown to obtain a new value for D 0 ðH 2 Þ by measuring E I ðH 2 Þ (see also [18] ). Previous experimental values for D 0 [5] were found to be in good agreement at a level of 0.0004 cm −1 (12 MHz) with molecular quantum calculations [19] . Agreement was also obtained for D 2 [6] , and both results featured thereupon in interpretations in terms of constraints on fifth forces [16] and extra dimensions [15] for typical intramolecular distances at the 1 Å scale.
In this Letter, we report on a determination of the
with a nearly 2 orders of magnitude improved accuracy compared to previous measurements [29, 30] . We employ Ramsey-comb two-photon spectroscopy [31, 32] in the ultraviolet at 201.80 nm, achieving a fractional uncertainty of 2.5 × 10 −11 . Our experimental approach of Ramsey-comb spectroscopy [31, 32] combines Ramsey's method of separated oscillatory fields [33] with frequency-comb lasers [34, 35] . It utilizes the interference between two excitation contributions in an atom or molecule induced by two timedelayed coherent laser pulses. This leads to a variation of the excited state population (jc e j 2 ) as a function of the pulse delay (t) and pulse phase difference (Δϕ) according to
The transition frequency (f tr ) can be determined from this signal, provided that t and Δϕ are known with sufficient precision [36, 37] . Frequency-comb lasers are therefore a convenient source of light pulses, as their repetitive pulsed output (with spacing T rep ) and controlled phase difference between successive pulses (the carrier-envelope phase slip Δϕ ceo ) can be referenced with high accuracy to an atomic clock.
To increase the pulse energy of frequency combs for nonlinear frequency up-conversion, amplification and enhancement resonators have been employed to reach the microjoule level pulse energy at a full repetition rate [38] [39] [40] [41] . In contrast, our method relies on the amplification of only two pulses, enabling an orders of magnitude higher pulse energy (> mJ). By choosing pulse pairs with a delay of multiples of T rep and scanning the pulse delay on a much smaller scale using adjustments of T rep via the comb laser, a series of Ramsey signals starting at time delays t ¼ T 0 ¼ ΔNT rep is obtained. Here ΔN is an integer, denoting the delay expressed in the number of comb laser pulses. Combining a series of Ramsey signals for different ΔN constitutes a Ramsey-comb measurement [32] . The transition frequency is obtained from it by analyzing only the relative phase evolution between the Ramsey signals [42] . As a consequence, the measurement becomes insensitive to any phase shift that is independent of ΔN. This includes a possible constant phase shift caused by the amplification and nonlinear up-conversion of the frequency-comb pulses and also phase shifts induced in the atom by the laser-atom interaction (the ac-Stark shift), provided that the pulse energy is constant as a function of ΔN. The accuracy of the method is mainly limited by the maximum time delay that one can experimentally achieve and the accuracy of how constant Δϕ is as a function of ΔN.
The starting point of the experimental setup is a Kerrlens mode-locked Ti:sapphire frequency-comb laser, operating at a repetition time of T rep ¼ 7.9 ns (f rep ¼ 1=T rep ¼ 126 MHz). Both T rep and Δϕ ceo are actively stabilized and referenced to a cesium atomic clock (Symmetricon CsIII 4310B) to provide an absolute time and frequency calibration. The comb laser pulses are chirped by 2.5 × 10 6 fs 2 of second-order dispersion in a 4f-grating based stretcher for chirped-pulse amplification. In addition, an adjustable slit placed in the Fourier plane of the stretcher selects only 0.2-0.3 nm bandwidth of the frequency-comb spectrum centered around 807.18 nm, resulting in pulses of approximately 10-15 ps duration and an energy of 40 pJ. The small bandwidth is chosen to only excite the Q1 line in H 2 and avoid excitation of the nearby Q0 and Q2 lines, which are at, respectively, 806.73 and 808.09 nm in terms of the fundamental frequency-comb wavelength (see Fig. 1 ).
Only two comb pulses are selectively amplified (at a repetition rate of 28 Hz) in a noncollinear optical parametric chirped-pulse amplifier to a pulse energy of 2.4 mJ (for details, see [43] [44] [45] ). The amplified pulses are upconverted to the fourth harmonic by frequency doubling and two stages of sum-frequency mixing to produce 62 μJ of 201.80 radiation; see Fig. 2 . The two-photon transition is excited with counterpropagating pulses to suppress the first-order Doppler shift. In both arms, a quarter wave plate is used to convert linear to circular polarization. Together with the strong chirp on the Between each stage, a special wave plate (λ 1 and λ 2 ) rotates the polarization to maintain type-I phase matching. The generated 201.80 nm beam is split equally by a metallic beam splitter (BS) where they recombine again after one round-trip to form a Sagnac interferometer (SI). The molecular beam is formed from a pulsed supersonic expansion and is collimated by a skimmer and subsequent slit aperture. pulses [46, 47] , this suppresses unwanted (Doppler shifted) excitation from a single side by a factor of 10. The intersection point of the ultraviolet pulses is crossed at right angles with a collimated beam of hydrogen molecules from a pulsed supersonic expansion. A laser pulse at 355 nm provides state-selective ionization, and the created H The well-defined phase relation of the original frequency-comb pulses can be distorted by the amplification process, and any delay-time-dependent component (δϕ res ) will lead to a frequency shift proportional to δϕ res =ΔNT rep [44] . We verify the phase of the amplified pulses using spectral interferometry with the unamplified comb laser pulses [31, 32] . The optimum bandwidth of the laser pulses (0.2-0.3 nm) for H 2 excitation reduces the number of spectral fringes in the phase measurement, hampering its accuracy. Therefore, we measured the phase effects for bandwidths ranging from 3 down to 0.4 nm, as shown in Fig. 3 . The calculated frequency shifts for these measurements are between −26 and 42 kHz, all with an uncertainty of 40 kHz, and do not show any significant trend. Therefore, we take the value of 14(40) kHz at Δλ ¼ 0.4 nm to be representative, as it is closest to the 0.2-0.3 nm bandwidth used for the excitation.
In Fig. 4 , an example of a Ramsey-comb measurement is shown where the pulse delay is varied up to a maximum time delay of 380 ns (ΔN ¼ 48 pulses). The reduction of the signal and modulation contrast as a function of delay is caused by effects such as the laser linewidth, Doppler broadening, transit time, and the lifetime of the excited state (≈200 ns) [48] . A typical Ramsey-comb measurement consists of sets of three or four Ramsey scans over a maximum time delay between 181 and 221 ns, which is chosen for optimal signal to noise and speed of measurement to minimize the influence of drifts. The minimum delay used is ΔN ¼ 2 to avoid potential transient effects. At each ΔN, the repetition time is scanned over a range of 600 as to observe ∼1.5 periods of the Ramsey signal. A statistical uncertainty of 45 kHz for a single Ramsey-comb measurement was expected based on the fluctuations of the ion signal (monitored over 500 laser shots), but in practice it was 1.9 times larger. As no correlation could be found with any experimental parameter, we increased the statistical error with a Birge factor [49, 50] of 1.9.
Concerning systematic effects, the first-and secondorder Doppler shifts have to be carefully considered, as the hydrogen molecules have a speed of 2530 m=s due to the supersonic expansion at 311 K. The excitation geometry strongly suppresses the first-order Doppler shift, but a residual first-order Doppler shift can still be present due to an asymmetry in the spectrum, a chirp-induced first-order Doppler shift [3] , or a residual angle between the two counterpropagating beams. As a first step to minimize these effects, the counterpropagating beams are aligned as parallel as possible by observing a dark fringe at the output port of the Sagnac interferometer (see Fig. 2 ). Any residual Doppler effect after this procedure (on the order of AE200 kHz) is detected by changing the velocity of the molecular beam. To this end, the nozzle is cooled to 97 K by liquid nitrogen, leading to a most probable velocity of 1420 m=s. The Doppler-free transition frequency can then be determined by extrapolating the measured transition frequencies at both temperatures to zero velocity (taking a AE10% velocity uncertainty into account). In this procedure, the second-order Doppler shift correction of 107 and 33 kHz for 2530 and 1420 m=s was taken into account. In total, seven sets of measurements were obtained to determine the Doppler-free transition frequency, each consisting of 20 or more Ramsey-comb measurements at both temperatures (and therefore velocity). All measurements are in agreement with each other within the statistical uncertainty, leading to a weighted average of all measurements (before other corrections) of 2 971 234 992 948(60) kHz.
Although the Ramsey-comb method is to first order insensitive to effects proportional to the pulse energy (such as the ac-Stark effect or phase shifts in the up-conversion), a residual light shift might still be present. We test this by measuring the transition frequency at pulse energies of 18 and 62 μJ (the energy at which all other measurements were performed, within 5%). Extrapolation to zero intensity then gives the shift at 62 μJ pulse energy. In total, 91 determinations of this kind are taken into account, each consisting of at least four Ramsey-comb measurements (Fig. 5) . The resulting light shift correction is 3(13) kHz, showing that the Ramsey-comb method is for all practical purposes ac-Stark shift free.
A dc-Stark shift is avoided by ramping up the ionextraction fields after the ionization pulse. The remaining field uncertainty of AE0.17 V=cm leads to a shift of 0(2) kHz. Magnetic fields (leading to the Zeeman effect) were minimized by external compensation coils to 0.2 G, so that no shift is expected within 2 kHz.
It should be considered that for ortho-hydrogen the total nuclear spin I ¼ 1, which leads to hyperfine structure in the Q1 line. The splitting in the ground state is too small (≤500 kHz) to be observed [51] and in the excited state unknown. Therefore, the presented value is a weighted average of the hyperfine components of the Q1 line. The Q0 transition from the true ground state in para-hydrogen does not have hyperfine structure but is 3 times weaker due to spin statistics. For this reason, Q1 was measured in the current and previous experiments.
Taking all effects into account results in a transition frequency of 2 971 234 992 965(73) kHz for the
;0Þ Q1 transition in ortho-H 2 (see Table I ). The relative uncertainty of this result is 2.5 × 10 −11 and is in agreement with the previous measurement [29] but 2 orders of magnitude more accurate (see Table II ). The new two-photon transition frequency of the Q1 line of ortho-hydrogen can be used to obtain an improved value for the (rotationless) dissociation energy D 0 ðH 2 Þ of parahydrogen, using the procedure from Ref. [5] . The result is consistent with previous experimental determinations and the theory, as shown in Table II .
However, in a recent study a complete calculation of the relativistic corrections was targeted to reach a full-fledged molecular quantum calculation [52] . In Ref. [19] , the relativistic correction was partially based on an older study [53] . The new refined calculation surprisingly produces a disagreement of 50 MHz (0.0017 cm −1 ) with the previous and current experimental values, equal to 2.4σ (see Table II ). However, as the authors state, this disagreement is to be considered preliminary, since relativistic nuclear recoil corrections have not yet been reliably calculated. Our result now shows that possible deviations are not due to measurements of the EF − X interval, given its new highly accurate value.
The full potential of our measurement can be reached only if the energy separation between X þ − EF is improved to a level comparable with 70 kHz or better, to bring down the uncertainty of D 0 (H 2 ). This will enable us to put further constraints on the strength of fifth forces [14] and on the compactification sizes of extra dimensions [21] −0.000 4ð7Þ 36 118.067 8(6) [52] −0.001 7ð7Þ [15] . Moreover, given the ≈200 ns lifetime of the excited state, it seems feasible to ultimately reach 10 kHz accuracy on the Q0 transition (instead of Q1 to eliminate the influence of hyperfine structure). A theoretical and experimental comparison at this level would enable a determination of the proton-charge radius with an accuracy of 1%, therewith resolving the proton-charge radius puzzle. Furthermore, another benchmark test of the molecular quantum theory, the determination of the fundamental ground tone splitting (see Fig. 1 ), can be considerably improved now with a measurement of the EF 1 Σ þ g -X 1 Σ þ g ð0; 1Þ Q0 transition.
